Porous PEGT/PBT implants with different physico-chemical characteristics were evaluated to identify its potential as biodegradable and biofunctional soft tissue filler. Implants (50 Â 10 Â 5mm 3 ) were implanted subcutaneously in mini-pigs and tissue response, tissue volume generated and its consistency were assessed quantitatively with a 52 weeks follow-up. The absence of wound edema, skin irritation, and chronic inflammation demonstrated biocompatibility of all implants evaluated. The hydrophobic implants induced the mildest foreign body response, generated highest amount of connective tissue and demonstrated a decrease in copolymer MW of 34-37% compared to 90% decrease of the hydrophilic implants. The rate and extent of copolymer fragmentation seems to be the determining factor of success of soft tissue augmentation using porous PEGT/PBT copolymer implants.
INTRODUCTION
T reatment of extensive soft tissue defects after trauma or cancer therapy is accomplished with flap reconstruction or autologous free-fat grafting [1] [2] [3] [4] [5] [6] . Both techniques have drawbacks such as donor site morbidity and the unpredictable behavior of fat grafts. In cases where only augmentation of soft tissue is required, the use of biodegradable porous implants mediating regeneration of connective tissue would be advantageous. The primary requirements of such implants are not only safety and biocompatibility, but also biofunctionality. The latter, although often disregarded, is as important as biocompatibility [7] .
Biocompatibility is defined as the ability of a material to perform with an appropriate host response in a specific biomedical application [8] . The International Organization of Standardization in Geneva has presented the ISO 10993 standard as a guideline to evaluate safety and biocompatibility of biomedical devices. Biofunctionality, however, concerns the ability of the implant to perform the purpose for which it was designed. In subcutaneous tissue augmentation, the specific function of the device is to directly augment tissue to the normal skin level and preferably be biodegradable, porous, and generate tissue with similar quality and mechanical properties as the original, healthy tissue. To realize the latter, the implant should have an appropriate pore geometry (porosity, pore size, and interconnectivity), because this determines the rate of tissue ingrowth, amount of extracellular matrix deposition, and cell survival in the porous implants [9] [10] [11] . However, consistent long-term in vivo data about porous implant is sparse. One of the reasons for this is that implant biodegradability and porosity also adds complexity to the in vivo soft tissue biofunctionality evaluations. The changes in implant shape, structural integrity, or roughness over time are likely to negatively affect the local tissue response and connective tissue deposition. These changes in mechanical tissue irritation and alteration in degradation rate necessitates long-term biofunctionality studies and this study was conducted in view of this.
Elastomeric segmented polyether/polyester amphiphilic multiblock copolymers form a class of interesting biocompatible materials with unique properties [12] . Poly-(ethylene glycol) (PEG) is normally used as the hydrophilic segment, because of its non-toxicity, lack of immunogenicity, and its solubility in both organic solvents and water [13] . Furthermore, it has been shown that PEG (MW ¼ 6000 Da) is passively excreted through the kidneys. Therefore, various hydrophobic blocks have been used to obtain physically cross-linked biodegradable polymers, poly(butylene terephthalate) (PBT) proved to be a very interesting candidate, resulting in PEGT/PBT copolymers. By variation in the weight percentage and/or length of the soft and hydrophilic PEGT segment, copolymers can be prepared differing in hydrophilicity, pliability, mechanical integrity, degradation rate, and cell-adhesion affinity. Furthermore, the PEGT/PBT copolymer has already been introduced to the clinic as a degradable scaffold for the repair of tympanic membranes [14, 15] more than 15 years ago. More recently the FDA approved it as a cement restrictor in orthopedics [16, 17] . In the field of soft tissue regeneration, several polymer compositions have been shown in vitro to support adhesion and growth of skin cells and in vivo ingrowth of vessels and connective tissue [18] [19] [20] [21] [22] [23] [24] . These developments are supported by several in vitro and in vivo studies which showed that PEGT/PBT copolymers are biocompatible, well-tolerated, and do not cause adverse tissue reactions or systemic site effects [15, 21, [25] [26] [27] [28] [29] [30] .
Based on its biocompatibility profile, several PEGT/PBT copolymer compositions were prepared to produce porous implants. These implants (50 Â 10 Â 5 mm 3 ), differing in hydrophilicity and degradability, were implanted subcutaneously into mini-pigs for time periods up to 52 weeks to decide on the appropriate biofunctional implant for soft tissue filling. Mini-pigs were used because the anatomy and physiology of the porcine skin layer resembles the human skin best [31] . The polymer implant degradation rate and behavior was evaluated in relation to the intensity of the host tissue response, the amount and quality of tissue deposition in the pores of the implants, and tissue volume generated.
MATERIALS AND METHODS

Synthesis of PEGT/PBT Copolymers
PEGT/PBT block copolymers were synthesized in a two-step melt polycondensation procedure [32] . Briefly, the first step involves transesterification of dimethyl terephthalate (DMT) with PEG and an excess of 1,4-butanediol at %200 C. Titanium butoxide is used as a catalyst, -tocopherol as antioxidant, and methanol was removed by distillation. Polycondensation is performed at about 240 C, using a vacuum to facilitate removal of the condensation product 1,4-butanediol.
By varying the feed ratio of PEG to 1,4-butanediol, or the molecular weight (MW) of the hydrophilic PEG blocks, a family of polymers can be obtained. The chemical structure of the polymers is shown below. The copolymers are abbreviated as aPEGbPBTc, in which a is the PEG MW, b weight% PEG-terephthalate, and c the weight% PBT.
The following polymer compositions were synthesized and used to produce porous implants: 300PEGT55PBT45, 300PEGT70PBT30, 1000PEGT70PBT30, 4000PEGT55PBT45, and 2000PEGT80PBT20. The average MW of all copolymers ranged between 95 and 105kDa as determined by GPC, the glass transition and melting T.
Preparation of Porous PEGT/PBT Implants
Implants were manufactured using compression molding/porogen leaching technology, and processed and sterilized as intended for clinical product application. A homogeneous mixture of similar sized copolymer granules (<400 mm, 25 vol%) and sodium chloride with crystal grain sizes 500-600 mm (75 vol%) were placed in a designed mold and compressed with a pressure of 10,000 AE 500 lb/in. 2 . The mold was heated up to 210 AE 10 C for 5 AE 0.5 min. After cooling, salt leaching was performed in several changes of demineralized water. The porous blocks were dried at room temperature for 2 d and overnight in a 50 C vacuum oven. Implants were vacuum-sealed and sterilized with a dose of 25 k Gray -irradiation.
PEGT/PBT Implants Characteristics
Implant water uptake was determined as a combination of water binding and sorption capacity. Implants of 1 Â 1 cm 2 were incubated in PBS (pH 7.4) for 24 h at room temperature. Excess liquid was removed by placing the tip of the scaffold on a low absorption paper for 2 s and the wet weight was measured. The water uptake was expressed as a percentage of the corresponding initial dry weight.
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Scanning electron microscopy was used to evaluate implant morphology. Implants were mounted on stubs, sputtered with an ultra thin layer of gold in a Polaron E5100 SEM coating system. Specimens were studied with a Philips XL30 ESEM-FEG SEM apparatus at an accelerating voltage of 10 kV.
Scaffold porosity was evaluated using micro-computed tomography. Briefly, scaffolds were scanned at three different scaffold locations at 45 kVp using the mCT-40 (Scanco Medical, Switzerland) at a resolution of 12 mm. Three-dimensional scaffold reconstructions were created by stacking 200 2D slices (2048 Â 2048 pixels), allowing the evaluation of pore volume and ranged from 76 to 82% for all compositions.
A direct contact test was performed to measure cell attachment and growth as an indication for surface charge. Implants were equilibrated in fibroblast culture medium for 24h and seeded statically with human fibroblasts at a density of 500,000 cells cm À3 . Fibroblasts were cultured in Dulbecco's modified Eagle's medium (DMEM, Invitrogen Life Technologies) containing 10% fetal bovine serum (FBS, Hyclone), penicillin (100 U/mL), and streptomycin (100 mg/mL) at 37 C, 5% CO 2 . To evaluate cell attachment, distribution and increase in cell numbers implants were fixated after 24 and 96 h in 4% paraformaldehyde for 16-24 h at RT, stained en bloc with 1% methylene blue PBS solution, rinsed in an excess PBS, and analyzed using a stereomicroscope.
Implantation Studies in Göttinger Mini-pigs
The protocol was approved by the Ruhr-University of Bochum Committee of Animal Welfare. Seven female Göttinger mini-pigs (25-30 kg) were included in the study and received proper care as outlined in Guide for the Care and Use of Laboratory Animals. Animal anesthetics: before each surgical procedure, and bandage changing, the pigs were sedated by intramuscular injection with mixture of ketamine 10 mg kg À1 (Ratiopharm, Ulm, Germany) and midozalom 1 mg kg À1 (Curamed Pharma, Karlsruhe, Germany). Complete anesthesia was induced with a facemask with 5% isoflurane and a 50:50 mixture of nitrous oxygen and oxygen (3-5 L/min). Anesthesia was maintained with 1-2% isoflurane and the same air mixture. For the implantation surgery, 0.001 mg kg À1 atropine was included in the sedation solution. After complete anesthesia was induced, animals were intubated and artificial respiration was applied. During the operation, analgesia was provided by intravenous injection of Fentanyl (0.4 mL kg À1 , Janssen Pharmaceuticals, Gent, Belgium). Vital functions were monitored and fluid loss was compensated by an intravenous infusion with Ringers solution. Post-operative pain was treated daily for 3-4 d with a subcutaneous injection containing flunixine 1 mg kg À1 per day (Finadyne Õ , Schering-Plough, Segré, France).
On the day of operation, the hair was clipped from both dorsal flanks and the skin was disinfected with Hibiscrub, 70% alcohol solution containing 0.6% chlorohexidin, and 2% iodine solution. For the implantation studies, the ASTM guideline F1408-97 Standard Practice for Subcutaneous Screening Test for Implant Materials, ASTM F1983-99 Standard Practice for Assessment of Compatibility of Absorbable/ Resorbable Biomaterials for Implant Applications, and ISO 10993-6 standard 'Tests for local effects after implantation' were followed. After a surgical incision of 4-5 cm until the deepest subcutaneous fat layer on both flanks 12 subcutaneous pockets were created in the middle of the adipose layer using blunt scissors. Each treatment group including a sham control was applied 4 times in each animal in a randomized fashion. Implant size before hydration was 50 Â 10 Â 5 mm 3 . The wounds were sutured and dressed with a non-adherent gauze (Melonin, Smith & Nephew, Hull, UK) fixed with an adhesive tape. Protection against mechanical trauma was achieved by wound coverage with one layer of hydrophilic gauzes (5 Â 5 cm 2 ) fixed with adhesive tape, two layers of hydrophilic gauzes (20 Â 20 cm 2 ) fixed with elastic adhesive tape from the back to the midriff/abdomen, and elastic bandage. The pigs were housed individually, fed, and monitored twice a day. After 7 d, bandage and stitches were removed. Implant areas were scored for skin irritation (redness), edema, and/or hematoma formation. The investigators on regular basis monitored the animal behavior with weekly intervals in the beginning and biweekly after 6 weeks.
Macroscopic Evaluations
At each evaluation time point (4, 12, 26 , and 52 weeks), the implantation site was scored for color and tissue consistency according to the following scheme: color (pink as surrounding skin 1; red 2; purple 3); tissue consistency (supple as surrounding skin 1; stiff 2; hard fibrotic scar-like tissue 3) and tissue volume generated (maximum skin augmentation similar to moment of implantation 1; some skin augmentation 2; no skin augmentation anymore 3). The latter observations and scores were confirmed during the implant explantation procedure. Before the implants were removed with the intact tissue envelope, they were digitally photographed and scored for tissue ingrowth/consistency as described above. Abnormalities in surrounding tissue or implants were recorded separately.
Microscopic and TEM Evaluations
For light microscopic (LM) evaluation, the implants (n ¼ 4 per composition) were fixated in 4% formaldehyde for 48-96 h at RT. Hereafter samples were cut into three parts as indicated in Figure 1 . Parts I and II were dehydrated, embedded in paraffin, and serial sections were cut from the sides indicated in Figure 1 . The serial sections were used for Sirius red, hematoxilin and eosin, and von Kossa staining to identify ECM deposition, cell infiltration, and calcified tissue/polymer parts, respectively. Implant part III was prepared for transmission electron microscopy (TEM). The samples were fixated in 1.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) at 4 C for at least 4 d and post-fixated in a solution of 1% OsO 4 and 1.5% K 4 Fe(CN) 6 . After dehydrating and embedding in Epon, ultrathin sections were cut and stained with uranyl acetate and lead citrate. In the second implantation study, one-third of the explanted implant was cut off and frozen to measure implant degradation ( Figure 1 : part for GPC).
Histological Identification of Different Cell Types
To identify vessels, sections were stained with a polyclonal antibody against von Willebrand factor (Dako) as described earlier [33] . Stromal cells (fibroblasts) and macrophages were identified with a double staining for vimentin (clone V9, Dako) and monocytes/macrophages (clone MAC387, Serotec) using the appropriate Vectastain kits according to the manufacturers instructions and visualized using Vecta red and blue substrate, respectively (Vector Laboratories). All sections were labeled after antigen retrieval using heat treatment according to the manufacturers. Figure 1 . Schematic overview of implants and its post-retrieval division for analysis. Part I and II were fixated and embedded in paraffin, part III was used for TEM analysis, and part IV was frozen and used for MW GPC and 1H-NMR analysis.
Quantification of Cell Numbers, Host Tissue Response, and Tissue Ingrowth
Identifications on the object glasses were covered. Three representative digital images (172 Â 86 mm) were taken of H&E and vimentinmacrophages double stained sections at different locations in the cross section of implant part II (n ¼ 5 per group). Areas with large vessels or large polymer fragments were avoided. Sections were analyzed and cells were counted in a blinded fashion. The degree of inflammation/tissue response was analyzed by counting the different cell types expressed as percentage of total infiltration cells. In double stained sections, single red positive cells were counted as fibroblast and double positive red and blue (purple) cells were counted as macrophages. In serial sections stained with H&E, multi-nucleated cells were counted as giant cells, white blood cells containing granules as granulocytes, and total cell numbers by counting all nucleated cells (giant cells as 1 cell). Adverse effects of the material or its degradation products were assessed by material debris accumulation, fatty infiltrations, tissue necrosis, and granuloma-type tissue reactions. Tissue necrosis was characterized as areas with nuclear debris and damaged vessel structures.
The quantity of dermal tissue deposition in the pores of the implants was determined using image analysis software from Leica Microsystems Imaging Solutions as the relative amount of red stained area of the tissue ingrowth area. The digital image of Sirius red stained sections corresponded to an area of 0.65 Â 0.96 mm (0.625 mm 2 ). All sections were stained in the same session and selection of red areas was identical for each image.
To determine the tissue volume generated, the H&E stained sections of implant part II were digitally captured using a stereomicroscope. The total surface area was selected and measured using image analysis software from Leica Microsystems Imaging Solutions.
Analyses of PEGT/PBT Copolymer Degradation after Implantation
Gel permeation chromatography (GPC) was used as a measure for implant degradation to analyze the average MW of the copolymer. First, the surrounding tissue envelope was separated from the remaining copolymer fragments. After mincing, the remaining tissue was extracted in 2 vol 10% (v.v) acetic acid in chloroform for 16 h at RT. Samples were filtered (0.45 mm) and allowed to evaporate. Subsequently, samples were extracted in 2 vol hexane for 16 h at RT to remove residual fatty tissue. After decantation of excess hexane, polymer samples were dried in a vacuum oven at 50 C for 16h, dissolved in chloroform (Merck)/ hexafluorisopropanol (Aldrich), and eluted through a Waters Styragel Guard precolumn and two PCGel 5 mm Mixed-C columns of 30 cm. The flow rate was 1 mL/min and a UV detector set at 245 nm was used. The column temperature was 35 C and the sample concentration was 0.03%. The MW was determined relative to polystyrene standards.
The change in molecular composition of the different PEGT/PBT implants was evaluated using 1 H-NMR by comparing the initial spectra before implantation with the ones after that. Spectra were recorded on a Bruker AC 250 operating at 250.1 MHz. Chloroform was used as the solvent without internal standard.
Statistical Analysis
Quantitative data are expressed as the mean AE SD. As a normal data distribution could not be demonstrated, the Wilcoxon signed-rank test was used for statistical data analysis. A value of P<0.05 was considered significant.
RESULTS
Physicochemical Characteristics of PEGT/PBT Implants
Similar porous implants having an average porosity of 80% with interconnecting pores were obtained for all polymer compositions using compression molding and salt leaching. In Figure 2 , a scanning electron micrograph illustrates the implant scaffold structure obtained using 500-600 mm salt grains. The studied physical properties of the obtained implants with different PEGT/PBT compositions are presented in Table 1 . The water-uptake of the different implants increased significantly when longer PEG chains were used in the copolymer compositions and decreased when the weight percentage of the PEGT part increased. The most hydrophilic composition 2000PEGT80PBT20 absorbed a water quantity of more than 8 times its own weight, was very pliable, but almost lost its mechanical stability/strength (hydrogel-like). In contrast, the 300PBT55PBT45 composition had the lowest water uptake, was the least pliable, but supported the best fibroblast cell attachment and growth. Although the 300PEGT70PBT30 composition had similar water-binding capacities as the 300PEGT55PBT45 composition, it clearly supported less fibroblast cell attachment and did not support fibroblast proliferation. Interestingly, the 4000PEGT55PBT45 and 1000PEGT70PBT30 compositions showed a similar degree of water uptake, but the former showed fibroblast attachment, which the latter did not. It has to be noted that attached fibroblasts were not evenly distributed on the polymer surface of the pores, but were clustered on domains of the polymer surface (not shown). All hydrated 
Macroscopic Evaluations of Porous Implants with Different PEGT/PBT Compositions
In total, four animals were implanted and after 7 days the bandages were removed. The sites of implantation showed absence of excessive wound edema, skin redness, or irritation. All animals showed normal behavior. They were active, playful, and neither showed excessive itching nor an elevation in body temperature. One year after implantation, the implantation sites were evaluated and scored blindly for abnormal skin color, tissue volume generated, and tissue consistency before and after harvesting of the implants ( Table 2) .
All implants did not show visible signs of inflammation or differences in skin color compared to surrounding skin. Macroscopically, the tissue volume generated by implants with copolymer composition containing PEG with a MW of 300Da (300PEGT55PBT45, 300PEGT70PBT30) was just visible, but not for the other implants. Further on, one has to consider that the animals' adipose layer had significantly increased (3-4 times) during the study period. The tissue consistency both before and after harvesting, however, showed that most implants were not able to generate supple soft tissue, but scar-like tissue. For the 300PEGT55PBT45, 1000PEGT70PBT30, and 2000PEGT80PBT20 the tissue after excision seemed to contain very hard, small tissue parts indicative of calcifications. Although the 2000PEGT80PBT20 Table 2 . Evaluation of implantation sites for skin color, tissue volume generated, and tissue consistency (before and after harvesting of the implants (n ¼ 5)). implantation site appeared supple from the exterior, the internal evaluation revealed that only limited tissue volume was generated.
Histological Evaluations of Porous PEGT/PBT Implants
After 4 weeks, all implants showed complete tissue ingrowth throughout void spaces of the implant. The host response inside the implant was characterized as a normal response seen at biomaterial surfaces with minimal chemical and physical irritation. The tissue in the pores consisted of giant cells lining the surface of the implant material, proliferating fibro-vascular tissue with macrophages, and some sites with more granulocytes and other lymphocytes. The only consistent difference between implant groups at this time point was the degree of implant fragmentation correlating to implant hydrophilicity. In Figure 3 an overview is presented from the top to bottom of the 300PEGT55PBT45 implant. Interestingly, a clear fibrous capsule that normally surrounds solid implants was not observed for all porous implants. The average vessel diameter, identified with von Willebrand factor staining, was not significantly different between the experimental groups at any time point. However, after 12 weeks, the average vessel diameter in the implants had significantly increased compared to the 4-week time-point, whereas the number of vessels had decreased. This observation is an indication for physiologically normal vessel maturation after wounding.
All implants were histologically evaluated after 12, 26, and 52 weeks. The implants retrieved after 4 weeks were not included in these analyses, because the host response was still immature with considerable variation in cell density and distribution in implants from the same group. After 12 weeks, the host response had settled, variations within one group of implants were minimal, and differences in tissue reaction between copolymer compositions were more apparent. In the following paragraphs, general histological observations for the different implant groups are described followed by the cellular profile comparison between the implants over time.
The most hydrophobic implants, 300PEGT55PBT45 and 300PEGT70PBT30, showed similar host tissue response over time.
In Figure 4A and B, H&E stained sections are shown for the 300PEGT70PBT30 after 12 and 56 weeks, respectively. The tissue response is still characterized by giant cells lining the copolymer surface, but with more mature fibro-vascular tissue in the void spaces when compared to that of 4 weeks. A difference between the 300PEGT70PBT30 and 300PEGT55PBT45 implants was the rate of fragmentation. After 12 weeks, the backbone of the 300PEGT70PBT30 implant was intact ( Figure 4A ) and showed increasing fragmentation after 26 and 52 weeks ( Figure 4B ). The backbone of the 300PEGT55PBT45 implant remained relatively intact up to 26 weeks and only showed considerable fragmentation after 52 weeks.
The 4000PEGT55PBT45 implant showed a more immature loosely organized fibro-vascular tissue with the presence of more granulocytes and macrophages and less collagenous tissue deposition in the void spaces after 12 weeks ( Figure 4C ). This is likely to be explained by the rapid fragmentation of a part of the implant. In contrast, larger parts of the implants did not show fragmentation up to 52 weeks ( Figure 4D ). At this time point the void space of the implant was filled with macrophages that had phagocytized small copolymer fragments (insert The 300PEGT70PBT30 implant showed little fragmentation after 12 and more fragmentation after 52 weeks. The 4000PEGT55PBT45 implant showed after 12 weeks significant fragmentation of parts of the implant with mainly macrophages in the tissue. After 52 weeks most fragments were phagocytized and the remaining larger copolymer showed continuing fragmentation. The 2000PEGT80PBT20 implants was at 12 weeks almost complete fragmented and phagocytized by foam-like cells apart from some calcified copolymer fragments (arrows). After 52 weeks, only more collagen fibers were observed in the tissue. Figure 4D ). The amount of deposited ECM and its maturation seem to decrease over time instead of increase.
The extent of tissue response induced by the 1000PEGT70PBT30 implant was in between the 300PEGT70PBT30 and 4000PEGT 55PBT45 implants. After 12 weeks, this implant already showed more extensive fragmentation compared to the 300PEGT70PBT30 implant, but fragments were not as small as found in the 4000PEGT55PBT45 implant. The implant showed continued fragmentation over time and the absence of larger copolymer parts as observed in the 4000PEGT55PBT45 implants. The presence of more copolymer fragments coincided with an increased foreign body response when compared to the 300PEGT70PBT30 implant. However, in comparison with the 4000PEGT55PBT45 implant more fibro-vascular tissue was present, but the increased foreign body response seemed to prevent maturation of the deposited ECM over time.
The 2000PEGT80PBT20 implant behaved differently from the other implants. Already after 4 and 12 weeks most of the implant was completely fragmented into very small copolymer parts ( Figure 4E) . The fragments were all phagocytized by macrophages that clustered into large areas and appeared as foam-like cells. Some implant fragments could still be observed after 12, 26, and 52 weeks and were calcified (von Kossa stain). These fragments induced a stronger inflammatory response and showed capsule formation (arrows in Figure 4E and F) . In time, the amount of thin collagenous ECM fibrils increased, but did not resemble normal fibro-vascular tissue observed with a normal host tissue response. Large areas with foam-like cells were still present after 52 weeks.
The von Kossa staining identified most calcified areas in 1000PEGT70PBT30 followed by 2000PEGT80PBT20 and 4000PEGT 55PBT45. The 300PEGT55PBT45 and 300 PEGT70PBT30 implants did not show any calcification. Moreover, the classical capsule formation around the implants or implant fragments was not observed during the study period except for the 2000PEGT80PBT20 implant.
Cell Numbers and Distribution in PEGT/PBT Implants
Characterization of the cellular profile in the implants, including total cell number, number of granulocytes, macrophages, giant cells and fibroblastic cells are presented in Figure 5 . In all groups, the total cell number per representative area (high power field) was not different between implants after 12 weeks. After 26 weeks, the total cell numbers were comparable to that of 12 weeks, only the 300PEGT55PBT45 implant showed a significant decrease in total cell number compared to the other implants. Surprisingly, after 52 weeks this cell number had increased in the 300PEGT55PBT45 implant and was significantly higher compared to 1000PBT70PBT30 and 2000PEGT80PBT20 implants. After 12 weeks no significant differences were observed for the different cell percentages between the implants. After 26 weeks, the granulocyte and macrophage counts were significantly lower and fibroblast counts significantly higher in the 300PEGT55PBT45 and 300PEGT70PBT30 implants compared to the other implants. After 52 weeks these differences were still present for macrophages and fibroblasts, but not for granulocytes. At this time point, the percentage of granulocytes was the lowest for the 2000PEGT80PBT20 implant, but significant differences were not found due to the high variation. The percentage of giant cells was low and not significantly different among all implants. The giant cells surrounding the remaining few calcified copolymer fragments were observed, but not counted, because these fragments were not present in the digitized images used for cell counting.
Tissue Volume Generation and Quantification of Deposited ECM
In Figure 6 , representative images show the fibro-vascular tissue in all implants after 26 weeks. It is evident that both the 300PEGT55PBT45 and 300PEGT70PBT30 implants ( Figure 6A and C) showed more deposition of ECM tissue in the void areas compared to the other implants. In addition, the appearance of this tissue is like normal scar tissue. In the other implants the number of fragments between or phagocytized by macrophages dominates the images.
In Figure 7 , the quantification of the tissue volume generated by the implant is shown in the top graph and the quantity of tissue deposited in the void implant areas in the bottom graph. The tissue volume generated was significantly higher for the slow degrading 300PEGT55PBT45 and 300PEGT70PBT30 implants after 52 weeks. The tissue volume of the 4000PEGT55PBT45 implants decreased over time along with implant degradation. The rapid fragmentation of the 1000PEGT70PBT30 and 2000PEGT80PBT20 implants resulted in collapse of the 3D backbone of the implant and therefore these implants generated significantly smaller tissue volumes compared to the other implants. The amount of collagenous tissue in the implants was comparable for 300PEGT55PBT45 and 300PEGT70PBT30 and both were significantly higher compared to the other three implants.
The latter implants hardly showed presence of Sirius red stained ECM deposition. For all implants a significant increase in the amount of Sirius red stained ECM over time was not observed.
Transmission Electron Microscopy (TEM) Analysis of Implants
The TEM analysis (not shown) confirmed the histological observations described earlier. Small implant copolymer fragments 0.5-70 mm were observed for each implant at each time point. After 52 weeks, the amount of small fragments (<70 mm) decreases in the following order 300PEGT55PBT45, 300PEGT70PBT30, 1000PEGT70PBT30, 4000PEGT55PBT45 and 200PEGT80PBT20. The average size of these fragments was declining in reverse order, indicating that the rate of fragmentation seems to correlate with the average size of the copolymer fragments. The giant cells lining the larger copolymer fragments showed a granular cell-copolymer interface like the one previously observed with other biomaterials. The observed foam cells, especially observed in the 2000PEGT80PBT20 implant, contained high number of polymer fragments in their cytoplasm. After 52 weeks, most polymer fragments were rounded and varied in size up till 1 mm. These foam cells contained dilated rough endoplasmic reticulum, well developed Golgi systems, and multiple mitochondria indicating that these cells are still metabolically active.
Analyses of PEGT/PBT Implant Degradation
The GPC data showed that after 52 weeks of implantation the average MW of the 300PEGT55PBT45 and 300PEGT70PBT30 copolymers had only decreased by 34 and 37%, respectively (Table 3) . For the 1000PEGT70PBT30, 4000PEGT55PBT45, and 2000PEGT80PBT20 copolymers it had decreased to %90% of its original length. Interestingly, the rapid fragmentation that was observed with histology for the 4000PEGT55PBT45 and 2000PEGT80PBT20 implants correlates with a rapid decrease of 60-64% in MW measured 4 weeks after implantation. The 1000PEGT70PBT30 showed a decrease in MW of 43% and the fragmentation rate was in between the rate of the slow degrading and the most rapid degrading implants. The ratio of PEGT/PBT hardly changed over time for the 300PEGT55PBT45 implants and most for the 2000PEGT80PBT20 implants. The latter showed change in composition from 4 to 1.86 PEGT/PBT ratio. The trend for all copolymer compositions is that soft segment PEGT content decreases more than PBT. Apparently, this segment is more susceptible to degradation than PBT. However, the 1000PEGT70PBT30, 4000PEGT55PBT45, and 2000PEGT80PBT20 showed a decrease of 90% in the MW, but the remaining implant fragments still showed the presence of a considerable PEGT weight percentage in the composition. This indicates that it is unlikely that only the PBT segment or PBT crystalline domains remain in tissue at later stages of degradation.
DISCUSSION
In this study porous PEGT/PBT implants with different physicochemical characteristics were evaluated for soft tissue augmentation. 300PEGT55PBT45  2  2  3  12  300PEGT70PBT30  3  2  3  18  1000PEGT70PBT30  3  3  1  9  4000PEGT55PBT45  2  3  1  6  2000PEGT80PBT20  1  3  1  3 *Characteristic scored as 1 not optimal, 2 acceptable and 3 close to optimal/best. # Best performing composition defined by multiplication of the single scores.
Long-term biocompatibility (52 weeks) of all implants was demonstrated by the absence of wound edema, skin irritation, chronic inflammation, localized tissue necrosis, and granuloma formation. After 4 weeks all implants were completely filled with proliferative fibro-vascular tissue, indicating that the surface properties were not critical for tissue ingrowth into void space of the different implants. The fibrinfibronectin clot in the pores is likely to serve as the 3D-template for tissue ingrowth independent of the ability of cells to adhere to the copolymer surface. The implant geometric structure and degradation/ fragmentation rate had a direct effect on the amount and quality of fibro-vascular tissue. The implant prepared with 300PEGT55PBT45 copolymer, a relative slow degrading polymer, and 500-600 mm salt grains showed to be optimal for tissue ingrowth and connective tissue deposition compared to implants prepared with smaller or larger salt grains (submitted for publication).
This study clearly demonstrated that rapid fragmentation increased the induced foreign body response, which is in concordance with observations on other biomaterials [34, 35] . This increased host response was observed with 4000PEGT55PBT45 and 1000PEGT70PBT30 copolymers and proven by significantly reduced percentages of fibroblasts and increased percentages of macrophages after 26 and 52 weeks. However, the percentage of granulocytes did not increase, which would be a sign for a chronic inflammatory response that can become granulomatous [36, 37] . The same holds true for the 2000PEGT80PBT implants, which degraded/fragmented the fastest. The latter implant in contrast to the others induced a different host response with a tissue containing mainly macrophages loaded with many copolymer fragments, referred as 'foam' cells. TEM analysis did however not show cell death or that these foam-like cells were metabolically inactive. Others have demonstrated that phagocytosis of PLLA particles by peritoneal macrophages caused cell damage and necrosis [38] . However, in this study most fragments were rounded and not needle-like, which could explain this difference in observations. With the exception of sporadic, calcified fragments, the 2000PEGT80PBT20 copolymer composition was almost completely degraded. Although speculative, the degradation behavior of 2000PEGT80PBT20 implant could represent an advanced end-stage of degradation for all copolymer compositions.
Expanded polytetrafluoroethylene (ePTFE) and silicone are nondegradable biocompatible materials, but like most implant materials induce a foreign body tissue response and subsequent fibrous capsular formation [39, 40] . Interestingly, capsular formation around the porous PEGT/PBT implants was not observed. Its absence is likely to favor tissue survival and maturation in the central parts of the implant. Usually physicomechanical stress between implant and tissue induces or stimulates capsule formation. Apparently, this was not the case with these implants. Factors contributing to this positive effect could be the implant size, its integration into the adipose tissue or the implantation site, for example within the adipose tissue without any contact to the muscle fascia layer.
The quantity of fibro-vascular tissue in the void implant areas or the percentage of mature connective tissue that stained red using Sirius red proved to be a good discriminating parameter to measure the quality of the host tissue response. For this reason, the 300PEGT70PBT30 seem to perform superiorly compared to the 300PEGT55PBT45 implant. The 300PEGT70PBT30 implant showed a constant rate of fragmentation, whereas the 300PEGT55PBT45 implant showed little fragmentation up to 26 weeks followed by considerable fragmentation after 52 weeks. The latter seems to reverse the tissue response from being the best after 26 weeks to one with an increased host response after 52 weeks as proved by higher total cell number and a decrease in the percentage of connective tissue deposition. In this respect, it would be very interesting to conduct a long-term study in which this PEGT/PBT copolymer showing bulk degradation and fragmentation is compared to a biomaterial that primarily degrades through surface erosion like those based on poly(glycerol sebacate) and poly(anhydrides) [41, 42] . Another important question also remains unanswered. Does the formed connective tissue in the adipose tissue remain stable over time? Studies in rats showed that with fast degrading biomaterials, the scarlike tissue remaining after complete degradation of the implant was remodeled and disappeared in time [43] . If this is a species-specific difference between rodents and pigs or a normal phenomenon should be addressed first. If the latter holds true, there would be no perspective to pursue the development of biodegradable soft tissue fillers.
Although biocompatibility has been demonstrated within this study, a satisfactory biofunctionality was not obtained with any implants used. Ideally, an implant should generate new adipose tissue, but this is most likely not attainable for any biomaterials available. As second best, the obtained tissue should have comparable mechanical properties as the tissue site of implantation and sufficient volume. In this study, the implants 300PEGT55PBT45 and 300PEGT70PBT30 generated the highest tissue volumes after 52 weeks and deposited significantly more connective tissue than the other implants, but the tissue consistency was undesirable. It was much stiffer as the surrounding adipose tissue. Interestingly, the tissue consistency was softer in faster degrading implants except for the 2000PEGT80PBT20 and 1000PEGT70PBT30 implants, which showed localized copolymer calcifications. These calcification phenomena have been described previously for this copolymer and seems to be related to the ability of the copolymer to take up water [30] . It is surprising that it was not observed for the 4000PEGT55PBT45 implant having a similar water uptake as the 1000PEGT70PBT30 implant. A possible explanation for the lack of calcification of 4000PEGT55PBT45 implant could be that the copolymer architecture is different. It could, for example, contain larger PBT or PEGT rich domains. The domains rich in PEGT fragment quicker, whereas the PBT rich domains are more stable. This explanation would be in agreement with the observed fragmentation pattern of this implant and also explains why fibroblasts only adhered to certain sites on the polymer surface.
PEGT/PBT copolymer degradation has been analyzed in other studies and proceeds mainly via mechanisms of hydrolysis, oxidation, and phagocytosis [15, [28] [29] [30] 44, 45] . Deschamps et al. [45] showed not only that during accelerated hydrolysis of the copolymer a decrease in copolymer MW is mainly caused via scission of the ester bonds connecting the PEG and terephthalate, but that cleavage in the PBT hard segment also occurred. Furthermore, Deschamp et al. also showed a faster decrease in the PEG content in rats both for intact and predegraded copolymer compositions resulting in a higher remaining PBT content and an increase in crystallinity. This preference for PEG degradation is in accordance with the results. Apparently, the hard segments containing PBT remain in the body at later stages of degradation. In this respect, the one year follow-up is not long enough. It should be extended to 3-5 years to not only show long-term functionality of the slower degrading implants with a PEG MW of 300, but also the absence of regression in tissue volume and adverse tissue reactions. Its importance is underscored by the fact that in humans PLA bone implants showed a late adverse tissue response against phagocytized poly(L-)lactide crystalline particles after more than 5 years [46] . Similar results were obtained in a more recent study using predegraded PLA96 after subcutaneous implantation in rats, which proved a suitable alternative to study late degradation reactions [47] . That biofunctionality aspects, such as tissue volume generated and tissue consistency, can be studied by this approach, seems unlikely.
In conclusion, this study demonstrated that the slower degrading implants 300PEGT55PBT45 and 300PEGT70PBT30 performed significantly better in comparison to fast degrading implants, in terms of soft tissue biocompatilibility, tissue volume generated, and connective tissue deposition. Nevertheless, appropriate biofunctionality in terms of tissue consistency comparable to surrounding tissue was not obtained. For porous implants, the percentage of fibroblastic cells and mature collagenous tissue deposition proved to be good indicators for the quality of the host tissue response. In this respect, the rate and extent of copolymer fragmentation seems to be a determining factor in the successful soft tissue augmentation using porous PEGT/PBT copolymer implants. Future studies will include follow-ups longer than 52 weeks to warrant that implants do not provoke long-term adverse cellular reactions, maintain the tissue volume generated, and show improved tissue consistency.
